The p53 tumor suppressor protein is a master regulatory transcription factor that coordinates cellular responses to DNA damage and cellular stress. Besides mutations in p53, or in proteins involved in the p53 response pathway, genetic variation in promoter response elements (REs) of p53 target genes is expected to alter biological responses to stress. To identify SNPs in p53 REs that may modify p53-controlled gene expression, we developed an approach that combines a custom bioinformatics search to identify candidate SNPs with functional yeast and mammalian cell assays to assess their effect on p53 transactivation. Among Ϸ2 million human SNPs, we identified >200 that seem to disrupt functional p53 REs. Eight of these SNPs were evaluated in functional assays to determine both the activity of the putative RE and the impact of the candidate SNPs on transactivation. All eight candidate REs were functional, and in every case the SNP pair exhibited differential transactivation capacities. Additionally, six of the eight genes adjacent to these SNPs are induced by genotoxic stress or are activated directly by transfection with p53 cDNA. Thus, this strategy efficiently identifies SNPs that may differentially affect gene expression responses in the p53 regulatory pathway.
The p53 tumor suppressor protein is a master regulatory transcription factor that coordinates cellular responses to DNA damage and cellular stress. Besides mutations in p53, or in proteins involved in the p53 response pathway, genetic variation in promoter response elements (REs) of p53 target genes is expected to alter biological responses to stress. To identify SNPs in p53 REs that may modify p53-controlled gene expression, we developed an approach that combines a custom bioinformatics search to identify candidate SNPs with functional yeast and mammalian cell assays to assess their effect on p53 transactivation. Among Ϸ2 million human SNPs, we identified >200 that seem to disrupt functional p53 REs. Eight of these SNPs were evaluated in functional assays to determine both the activity of the putative RE and the impact of the candidate SNPs on transactivation. All eight candidate REs were functional, and in every case the SNP pair exhibited differential transactivation capacities. Additionally, six of the eight genes adjacent to these SNPs are induced by genotoxic stress or are activated directly by transfection with p53 cDNA. Thus, this strategy efficiently identifies SNPs that may differentially affect gene expression responses in the p53 regulatory pathway.
bioinformatics ͉ single nucleotide polymorphism ͉ yeast ͉ regulatory sequences ͉ gene expression H uman genetic diversity plays a major role in determining susceptibility to stress. Numerous examples of functional polymorphisms that have demonstrable effects on stress response phenotype have been described (1, 2) . In general, these polymorphisms consist of variation in protein coding sequences, although examples of variation in regulatory sequences are also reported (3) . Genome-scale sequencing has led to the discovery of millions of human SNPs (4) . Most are expected to have little functional consequence. Identifying functional SNPs, including those in regulatory regions, among the vast number of uncharacterized SNPs and evaluating their potential impact on human health are formidable challenges.
The p53 tumor suppressor protein is a master regulator of a prominent transcriptional network that can control the fate of cells in response to stress. By coordinating expression of many target genes, p53 directs cells into cell-cycle arrest or apoptosis after DNA damage or other perturbations (5, 6) . Of note, p53 mutations are associated with nearly half of all cancers (7) .
Sequence-specific transcription factors such as p53 can interact with many related chromosomal binding sites, known as response elements (REs), to modulate transcription. Among p53-responsive genes, stress-induced transactivation varies broadly, attributable in part to sequence variation in individual p53 binding sites (8) . p53-mediated transactivation in a yeast model system revealed large variations (up to 1,000-fold) in transactivation potential among 44 RE sequences despite close similarity to the proposed p53 consensus (9, 10) .
These observations suggest that substantial diversity in transcription can result from polymorphisms in p53 REs, possibly leading to variability in cellular stress responses. SNPs are the most common type of genetic variation, with an estimated density of 1-3 SNPs per 1,000 bases (11, 12) . Based on the length of p53 REs (Ϸ20 bases), a few such polymorphisms might be expected in known p53 target REs. Both genomic analysis and microarray expression studies suggest thousands of additional p53 targets exist (8, 13) . Therefore, the actual number of polymorphisms at p53 REs could be substantial.
We developed an approach for selecting SNPs from the dbSNP database that is likely to result in functional differences between putative p53 RE alleles. Candidate REs are identified based on relationship to p53 RE consensus sequence, assessment of the impact of mismatches to consensus, and proximity to transcriptional start sites. This search revealed numerous putative polymorphic REs in the vicinity of candidate p53 responsive genes. Functional analysis of a subset of these polymorphic REs in our yeast-based system demonstrated strong differences in p53 transactivation capacities for the different SNP alleles. Additionally, when candidate SNPs were examined in reporter constructs in human cell lines, pronounced allelic differences in p53-dependent gene expression were revealed. Polymorphisms in p53 REs are thus a potential source of variation in stress responses between individuals. Furthermore, genome-wide bioinformatics searches, combined with functional analyses, can identify potential regulatory SNPs from among millions of candidates, thereby facilitating discovery of functional variation.
performed under conditions of constitutive p53 expression in strains containing plasmid pTSAd-p53 (15) .
Plasmids for Transfections.
Reporter plasmids containing the SNP REs, the p21WAF RE, or the AIP1 RE upstream of the firefly luciferase reporter gene were generated in a pGL3 vector (Promega). pRL-SV40, a Renilla reniformis luciferase plasmid (Promega) was a control for transfection efficiency. The expression plasmids pCMV-p53WT and pCMV-G279E (10) encode the indicated human p53 protein controlled by the cytomegalovirus promoter. For luciferase assays in the p53-null SaOS-2 cell line, 1 ϫ 10 5 cells were seeded in 24-well plates 24 h before transfection. The cells were cotransfected with 100 ng of pGL3 reporter plasmid, 25 ng of pCMV-p53WT expression vector, and 75 ng of pRL-SV40. Total plasmid DNA per well was adjusted to an equal level by adding the empty vector pCMV-Neo.
Cell cultures were harvested 48 h after transfection, and luciferase activities were assessed by using the Dual-luciferase assay system (Promega) according to the manufacturer's protocol. Firefly luciferase activity was normalized with Renilla luciferase. Experiments were performed at least twice in triplicate.
Gene Expression Analysis. For RKO, HT1080, and SaOS2 cells, media were removed, and cells were washed twice with PBS. Cells were covered with a thin layer of PBS and exposed to 254 nm of UV light (UVC) at a dose of 20 J͞m 2 . Fresh medium was added, and cells were harvested at indicated intervals. Unexposed control cells were treated similarly.
For real-time RT-PCR assays, RKO and HT1080 were seeded at 3 ϫ 10 5 cells per well in a six-well plate 1 day before irradiation. For SaOS-2 cells, 2 ϫ 10 5 cells were cultured in a six-well plate for 24 h. SaOS2 cells were transiently transfected in the presence of FuGENE 6 with 2 g of pCMV-Bam-Neo vector alone, with vector carrying the p53 gene with the inactivating mutation G279E, or with vector carrying the wild-type p53 gene. After UV-irradiation or transfection, cells were grown for an additional 24 h before harvesting.
Total RNA was isolated from RKO, HT1080, and SaOS-2 cell lines with TRIzol reagent (GIBCO͞BRL) according to the manufacturer's protocol. Extracted RNA was cleaned with Qiagen RNeasy columns (Qiagen, Valencia, CA). One microgram was used for reverse transcription and amplification using TaqMan Reverse Transcription Reagents and gene-specific primer-probe sets (Assays on Demand, Applied Biosystems).
Reactions were carried out in 96-well plates by using an Applied Biosystems PRISM 7700 Sequence Detection System. For lymphoblastoid cells, 3 ϫ 10 6 cells were pelleted and resuspended in PBS at a density of 5 ϫ 10 5 cells per ml before exposure. Cells were exposed to 15 J͞m 2 UV, returned to conditioned media, and grown for 16 h before RNA harvesting. RNA was extracted by using an Applied Biosystems 6100 following the manufacturer's protocol (Applied Biosystems). cDNA was generated by using the First-strand Synthesis system (Invitrogen). Probe-based expression assays were performed on an Applied Biosystems Prism HTS 7900 (Assays-on-Demand, Applied Biosystems).
Results

Identification of Functional SNPs in Putative p53
REs. We used a combination of custom bioinformatics applications and in vivo functional analyses to identify putative polymorphic REs that might mediate differential transactivation by p53 ( Fig. 3 and Table 2 , which are published as supporting information on the PNAS web site). The strategy is divided into three phases: (i) computational identification of SNPs within putative p53 REs, (ii) SNP validation, and (iii) functional evaluation in yeast and human cells.
The consensus p53 RE sequence is RRRCWWGYYY-N-RRRCWWGYYY, where N is 0-13 bases (16, 17) . Although the consensus was derived from in vitro binding studies and functional analysis, these assays do not address strength of binding, actual transactivation capacity, or the impact of chromatin on protein-DNA interactions. We used data from direct in vivo measurements of transactivation at various REs in a quantitative yeast model system to inform our search algorithms (9) . This in vivo system can identify single base changes in p53 RE sequences that dramatically affect transactivation (10), and we have used it to evaluate candidate SNPs. In human cells, chromatin structure and promoter organization may modulate p53-induced transactivation at REs (18, 19) ; however, chromosomal context is likely to be similar for paired SNP alleles, which should allow a direct comparison of single base changes.
We developed rules for identifying SNPs at sites where only one allele is likely to support strong p53 transactivation. Because these rules are conservative, there are likely to be many more functional sites in the genome, both polymorphic and nonpolymorphic, and recent surveys support this view (13) . Common features of strong binding sites, deduced in part from our previous analysis of known mammalian p53 REs, include the following: (i) most functional REs have a spacer length of 0 or 1 base between the two 10-nt half sites (10); (ii) although most p53 REs contain non-consensus bases and the number of mismatches does not directly correlate with transactivation capacity, typically fewer than four total mismatches and no more than three mismatches per 10-nt half site are found in active REs; (iii) a change in the conserved C or G in the RE dramatically affects transactivation; (iv) within the WW motif, AT provides the strongest transactivation, and nonconsensus changes have a strong negative effect (9); (v) mismatches at the R and Y bases have a greater negative impact on transactivation the closer they occur to the central CWWG. Most bona fide p53 REs fall within a few thousand base pairs of transcriptional start sites (9) . Thus, we limited our study to REs positioned within 2,500 bp of gene start sites. The search rules and the number of candidates identified at each step are shown in Fig. 3 .
Identification of SNPs in Putative p53
REs. Approximately 2.3 million uniquely mapped SNPs from the National Center for Biotechnology Information's dbSNP (build 114) database were selected for analysis. The computational search for putative REs was performed by using a series of progressively more restrictive rules. Initially, 7,161 SNPs with the following features were selected: the sequence surrounding the SNP matched the p53 consensus binding site with four or fewer mismatches; the SNP was close to reported or computationally identified genes (within 5 kb); and the selected RE preserved core C and G positions (CWWG) in the consensus alignment of both adjacent dimers in at least one allele. Of note, none of the candidate SNPs overlapped known REs. Although it is tempting to speculate that SNPs are excluded from functional REs, perhaps as a consequence of conservative evolutionary pressure, the current data are insufficient to address this hypothesis. Given the number of bona fide sites detected by our search strategy (37 of 41 validated REs examined) and the estimated density of reported SNPs at the time of our study (1-3 per kb), it is not possible to establish that polymorphisms are globally underrepresented at established functional REs.
From the initial set, we selected 680 candidate SNPs located within 2.5 kb of named genes. We then restricted the candidate pool to 231 potential REs that maintained well defined core binding sites (at least three of four ''W'' positions maintained in the core). Of these candidates, 81 REs had three or fewer total mismatches, and Ϸ40 were predicted to exhibit significant differences in p53 transactivation between alleles. Eight SNP pairs were chosen for functional evaluation. Final candidate selection was based in part on the known or suspected function of RE-associated genes, in that preference was given to genes with functions related to p53-mediated biological pathways (e.g., cell cycle control and DNA repair). None of the eight selected REs were adjacent to previously identified p53 responsive genes.
The eight candidate RE SNPs selected for further evaluation are described in Table 1 . For each SNP, the alignment of the adjacent flanking sequence to the p53 RE consensus is shown, along with the position and identity of the polymorphism. Allele frequencies were measured directly in two ethnically diverse human lymphoblast cell line DNA collections (see Materials and Methods). For the reported SNP site upstream of the SCGB1D2 and ARHGEF7 genes, only one allele was observed, suggesting either a very low minor allele frequency or that the original dbSNP submission was in error (dbSNP contains Ϸ20% falsepositive entries) (20, 21) . Of the genes identified as candidates for further analysis, DCC, SEI1, SCGB1D2, and ARHGEF7 are either known or suspected tumor suppressor genes or have predicted roles in cell cycle control. ADAR2, EOMES, RRM1, and TLR8 play diverse roles in fundamental processes (RNA editing, T cell differentiation, nucleotide metabolism, and pathogen response, respectively). Although these candidate genes are not known to have a role in the development of exposureinduced disease such as cancer, most have a plausible relationship to p53-mediated signaling or stress response pathways.
Analysis of Putative p53 RE SNPs for Transactivation Capacity in Yeast.
To establish both the functionality of the REs and the impact of the single nucleotide polymorphisms, we determined relative transactivation capacities by using two yeast-based reporter assays (10) . Two groups of isogenic p53 reporter strains, each with a distinct RE SNP upstream of either a luciferase or an ADE2 reporter, were constructed by using Delitto Perfetto in vivo site-directed mutagenesis (14) . In the quantitative luciferase assay, there is moderate constitutive expression of p53 (under control of the ADH1 promoter). The ADE2-based visual assay is performed at various levels of p53 expression, an approach that has allowed detection of subtle functional differences among p53 REs as well as among p53 mutant alleles.
Except for the ARHGEF7 and SEI1 REs, we observed strong differences in p53 transactivation between pairs of RE-SNPs using the luciferase reporter assay (Fig. 1A) . Comparable results were observed with the ADE2 assay (data not shown). In every case, the predicted strong allele (i.e., the one that best fit the rules described above) was more efficient in driving luciferase expression than the predicted weak allele. Even SNPs at the poorly conserved first ''R'' position of the consensus showed some difference in transactivation between alleles (ARHGEF7 and DCC).
Different levels of transactivation activity were observed among the functional REs, but none reached the level of the p21-5Ј element, previously found to be one of the most p53-responsive of human REs (9) . Although the responsiveness for ADAR2, ARHGEF7, and TLR8 was comparable with AIP1, the other elements were less active, particularly EOMES and SEI-1. However, several p53-REs, such as those from the mdm2, bax, igf-bp3, c-fos, Xpc, and p48 promoters, are weak when examined in yeast as single tetramer binding sites (9, 22) . Notably, the results with the EOMES RE corroborate our observations of the strong impact of mismatches in the CWWG motif.
Differential Transactivation Capacity of Polymorphic REs in Human
Cells. To assess the potential of the polymorphic REs to respond differentially to p53-induced transactivation in human cells, oligonucleotides corresponding to the eight pairs of REs were cloned into a luciferase reporter plasmid carrying a minimal eukaryotic promoter. Luciferase activity levels were determined 48 h after cotransfection of SaOS2 (p53-null) cells with the RE reporter plasmid and a p53-expressing plasmid (pC53-SN3) (23) . As shown in Fig. 1B , differences in p53-induced luciferase expression were observed between the RE alleles for six of the pairs, with the anticipated stronger allele yielding a greater response in each case. For TLR8 and ADAR2, the activity of the strong alleles was comparable with the activity mediated by the AIP and p21-5Ј REs, respectively. For the EOMES and SEI-1 pairs, the differences were small, but consistent with results observed in yeast. In the absence of p53, there was no induction, suggesting that only p53 can activate the REs, unlike the case with the control p21-5Ј RE, which showed limited induction in the absence of p53 (Fig. 1C) .
Wild-type p53 RKO cells were also transiently transfected with the different reporter plasmids. To induce endogenous p53, RKO cells were UV-irradiated (20 J͞m 2 ) 24 h after transfection, and luciferase activity was measured 18 h later. Overall, results were qualitatively similar to those described for SaOS2. Most (seven of eight) of the predicted stronger alleles support transactivation, and there were significant differences between alleles for five of the RE SNPs (Fig. 4 , which is published as supporting information on the PNAS web site).
p53-Dependent Stress Responses in Endogenous Human Genes Con-
taining Polymorphic REs. None of the eight RE-associated genes described above were known to be induced in response to p53 activation. We used real-time RT-PCR to measure p53-mediated expression changes of these genes in human RKO, HT1080, and lymphoblast cell lines. Methods for assaying p53-mediated expression in human cells include induction of endogenous p53 by genotoxic stress and expression of p53 from a transfected plasmid; we observed changes in candidate gene expression with both methods. Cells were exposed to a DNA-damaging but nonapoptotic dose of UVC radiation (UV, Fig. 2) . Among the eight genes, five were UV inducible in at least one cell type. Notably, large inductions (Ͼ3-fold) were observed for the SEI-1, EOMES, and SCGB1D2 genes in HT1080 cells, for ARHGEF7, SEI-1, and SCGB1D2 in RKO, and for EOMES, SEI-1, and SCGB1D2 in lymphoblastoid cells. The observed inductions equaled or exceeded levels obtained with the p21 and AIP1 genes, which are highly p53-responsive upon UV treatment (24) .
We also measured p53-induced expression of candidate genes after transfection of a p53-expressing plasmid into p53-null SaOS2 cells. Substantial transactivation (Ͼ3-fold) of ADAR2, DCC, ARHGEF7, EOMES, and SEI1 was observed with the functional p53 plasmid (Fig. 2D ), but not with a plasmid containing the transactivation-defective mutant G279E. The level of induction observed for some of these genes in SaOS-2 cells was comparable with that observed for p21.
Of the genes examined, six exhibited increased expression after p53 induction in at least one cell type. RRM1 was not induced in any cell type, whereas TLR8 expression could not be measured (TLR8 mRNA was not detectable in any of the cell lines examined). For the remaining genes, in addition to differences in the p53 RE sequences, variation in induction between cell lines may correspond to differences in other cis-or transacting factors (19) , unlike the situation with reporter plasmids. Nonetheless, these data show that the majority of the candidate genes examined are bona fide p53-responsive genes in these cell lines. Although it is possible that the candidate REs are not specifically responsible for the observed expression changes, the transfection assays establish that the sites are strongly functional. Given the functional spacing of the REs relative to the genes (as compared with established p53 targets), their demonstrated activity, and the p53 responsiveness of the candidate genes, it is likely that the candidate polymorphic REs are involved directly in p53 transactivation.
Discussion
Identification of Functional Variation in the p53 Regulatory Network.
Polymorphisms in regulatory sequences can have important phenotypic consequences (3). Our approach to identifying functionally meaningful SNPs in the REs of a large regulatory network merges experimentally based estimation of transactivation consequences of SNPs, computational identification of REs, and direct cellular evaluation of allelic differences. We suggest that this approach can be generally applied to the analysis of genetic variation at sequence-specific binding sites for transcription factors and other DNA binding proteins in human chromosomal DNA.
The computational identification of SNPs that alter p53-dependent gene expression was developed from rules derived from literature analysis and our previous studies with yeast model systems. Our subsequent functional analyses strongly support the assignment of several of the newly identified REs as bona fide p53 target sequences and the inclusion of the adjacent genes as new direct targets in the p53 transcription network. For these candidate genes, the observed allelic differences could contribute to variability in gene expression after exposure. The candidate SNPs, therefore, may represent genetic risk factors in environmentally influenced diseases such as cancer.
SNPs in regulatory sequences represent an important class of genetic variation, with implications for disease phenotypes (3). For example, an SNP in the AP4 binding site upstream of the macrophage migratory inhibitory factor gene was found to associate with disease risk in juvenile idiopathic arthritis (25) . Similarly, an SNP in a putative C͞EBP␤ binding site near the FasL gene alters basal expression by at least 2-fold, and one allele is associated with systemic lupus erythematosus in African Americans (26) . In the p53 pathway itself, recent work has demonstrated that an SNP in the MDM2 promoter can perturb SP1 transcription factor binding and thereby influence MDM2 levels, leading to attenuation of p53 activity (27) . This regulatory SNP is also associated with accelerated tumor formation in human cancers. In these examples, candidate disease genes were identified first, and SNPs in transcription factor binding sites were subsequently characterized. In contrast, our study uses a systematic genomic search for regulatory SNPs, a relatively unexplored class of functional genetic variation in humans. More specifically, we have used this approach to identify functional polymorphisms in a motif that defines a set of genes in a master regulatory network.
Biological Role of Genes with Polymorphic REs. Few of the candidate genes described in this study have been directly investigated for involvement in either p53-mediated stress response or susceptibility to exposure-induced disease. We have established, however, that most of the genes are responsive to p53 signals. Many of the genes play significant roles in development, cell-cycle regulation, or DNA repair processes that are often aberrantly regulated in tumor cells. ADAR2 is a member of a family of adenosine deaminases acting on RNA (ADAR proteins) that is important in posttranscriptional regulation of a variety of genes (28) . The ADAR proteins may participate in developmental pathways mediated by p53 homologs such as p63 and p73, or may govern the modification of unidentified transcripts that are involved in stress response. SCGB1D2 is a lipophilin protein that associates with secreted mammoglobin and is a marker for breast cancer (29) . SEI-1 antagonizes the function of p16, an inhibitor of the cyclin-D͞CDK4 complex (30) . Disruption of SEI-1 regulation could therefore exert a powerful effect on cellular proliferation. EOMES (Eomesodermin) is a T-box transcription factor that plays an essential role in development and is also a major determinant of T cell differentiation (31, 32) . EOMES may play a role in governing immune surveillance, or may also be a target for p53 homologs involved in human development. DCC (deleted in colorectal carcinoma) is a tumor suppressor gene highly correlated with human colorectal tumorigenesis. It also acts as a transmembrane receptor for netrin-1, an important secreted mediator of nervous system development (33) . ARH-GEF7, also known as ␤PIX, was found to be overexpressed in Fold change was calculated versus the measured limit of detection for the assay.
Ͼ90% of breast tumors and may play a role in tumor invasion by regulating changes in the actin cytoskeleton of cancer cells (34 (35) . Interestingly, all of the TLR proteins contain putative p53 REs upstream of their promoter regions (36) .
Establishing a direct biological consequence for the SNPs presented here would in most cases require sensitive assays specifically tailored to the biological role of the candidate gene under investigation. Additionally, model system investigations of p53 occupancy at polymorphic promoters is complicated by numerous factors related to both cell biology and assay limitations (discussed below). Studies of genotype͞phenotype relationship in human cells are substantially limited by the lack of isogenic cell line models that allow direct comparisons of SNP alleles. Epstein-Barr virus-transformed lymphoblastoid cell lines, which are available from a large number of individuals and represent many genotypes of interest, are a tempting model for investigating gene-environment interactions. However, recent studies have suggested that these cell lines become immortal through a series of poorly characterized transformations that include both p53 mutations and aneuploidy (37) . In keeping with this idea, we observed substantial variation in p53-induced expression between lymphoblastoid cell lines for well known target genes that lack SNPs in their p53 REs (e.g., p21) (data not shown). The impact of SNPs could also be examined at the level of promoter occupancy by p53 or RNA polymerase by using chromatin immunoprecipitation, or at the level of mRNA synthesis in cases where other SNPs allow direct measurement of expressed allelic imbalance. Because there seem to be limitations in these approaches (as suggested for p53 binding) (19) and variation in both the magnitude and direction of expressed allelic imbalance across cell lines (38) , especially for relatively small differences in expression, we chose an isogenic transfection model to compare the activity of polymorphic REs. This approach enabled us to demonstrate clear differences in the potential of RE SNPs to influence transactivation under controlled conditions. Establishing a relationship between particular RE alleles and disease risk, however, will likely require epidemiological investigation in humans.
This study supports and extends the concept of master genes of diversity applied initially to p53 (10) . Diversity can arise through functional mutations in a master regulator that change both the spectrum and intensity of downstream gene expression responses. The present observations demonstrate that diversity can also result from variation in REs that are contained in individual genomes. This diversity could be an important factor in governing environmental responses and the potential for disease. The combination of diversity in REs, along with diversity in a master regulatory gene, could greatly broaden the disease consequences of specific p53 mutations. Thus, we suggest that the impact of identical cancer-associated functional p53 mutations could differ between individuals because of polymorphism in their genomic REs.
